Relative contributions of the atria and the atrioventricular (AV) node to AV conduction were studied in isolated, blood-perfused dog hearts. The functional refractory period of the atria, although shorter than that of the AV node, determined the functional refractory period of the entire transmission system in 50% of the hearts. Slow atrial conduction of early beats greatly influenced the shape of the curve used to determine the functional refractory period of the transmission system. The atrial effective refractory period was also shorter than the effective refractory period of the AV node. However, the effective refractory period of the entire transmission system was equal to that of the atrium when the driving interval was longer than 320 msec, and it decreased as the driving interval was shortened. At driving intervals of 320 msec or less, the effective refractory period of the AV transmission system abruptly increased and became equal to the effective refractory period of the node. Conduction of early premature responses from near the sinoatrial node to the AV node was supernormal in 50% of the hearts. Supernormal conduction of premature atrial responses in the ventricles was also observed. The period of supernormal conduction in both tissues shifted toward greater prematurity as heart rate increased. The importance of the atrium in determining the functional properties of the AV transmission system has been previously underestimated.
• When heart rate is progressively increased, atrioventricular (AV) conduction eventually fails; the site of failure is in the AV node (1) (2) (3) . It is natural to assume that conduction failure of early premature beats also occurs in the AV node, because the refractory period of the AV node is longer than that of the atrium or the bundle of His (4, 5) . However, Lewis and Master (6) found that the site of block was usually in the atrium when a premature response failed to reach the ventricles. Krayer et al. (7) reported that premature beats usually began to fail in the A-V node only "after the experiment has lasted for some time;" earlier in their experiments the earliest responses that could be induced in the atrium were propagated through the AV transmission system to the ventricles. Krayer et al. (7) stated that "the functional refractory period of a heterogeneous system depends on the magnitude of the functional refractory period of that part of the system which has the longest refractory period." Subsequently, the functional refractory period of the AV transmission system has been equated with that of the AV node (4, 8, 9) .
The responses of both atrial and ventricular tissues to premature stimulation were examined in the present study. Supernormal conduction in both the interatrial septum and the ventricles was observed. We confirmed the observation of Lewis and Master (6) . Also, we found that the functional and effective refractory periods of the atrium, although always shorter than these respective refractory periods of the AV node, often determined the refractory periods of the entire AV transmission system.
Methods
Experiments were performed on isolated, bloodperfused dog hearts. The method was that developed by Alanis et al. (10) and modified by Kirk and Dresel (11) . A large donor dog of either sex was anesthetized with sodium pentobarbital (30 mg/kg, iv) and was ventilated with air by a Palmer Ideal respiration pump. Heparin (400 IU/kg) was administered intravenously. The femoral vessels of one hind limb were cannulated,
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and blood was pumped by a double-headed DeBakey roller pump through an external perfusion circuit. The heart from a small adult dog (5-11 kg) anesthetized with sodium pentobarbital (30 mg/kg, iv) was excised and immediately placed in ice-cold, oxygenated KrebsHenseleit solution. The pericardium and other extraneous tissues were removed from the heart. The heart was transferred to the perfusion circuit and was perfused through the aorta. The perfusion pressure was maintained at 100 mm Hg by adjusting the speed of the roller pump. The temperature of the blood was kept at 37 ± 0.5°C by a condenser between the pump and the heart.
The right atrium of the isolated heart was opened, and the cut edges were retracted with stainless steel hooks. The activity of the bundle of His and surrounding tissues was recorded with a flexible bipolar probe; the probe's contacts were placed over the proximal bundle of His. A pair of stainless steel clips was used to record an additional atrial electrogram either from the right atrial appendage or from an area near the coronary sinus.
In most experiments sinus rhythm was abolished either by heat cautery of the sinoatrial (SA) node or by ligation of the major vessels supplying that region. The hearts were electrically paced with 5-msec rectangular pulses applied at twice the threshold voltage to the right atrium near the site of the SA node. The stimulating electrodes were stainless steel clips. A Tektronix stimulator (type 162 wave-form generator and type 161 pulse generator) was used to generate the basic train of stimuli. The pulse output of the waveform generator was counted by a scale-of-ten counter which in turn triggered a second Tektronix stimulator. The second stimulator was used to introduce a test stimulus after every group of ten basic stimuli. Both basic and test stimuli were delivered through the same electrodes. In some experiments the gate of the second wave-form generator was used to open a relay which interrupted the operation of the basic stimulator. This interruption delayed the next set of basic stimuli and allowed the test stimulus to be delivered at intervals longer than the basic interval.
The electrograms recorded from the bundle of His and the right atrium were displayed on a four beam dual cathode oscilloscope (Tektronix RM565 with 3A3 amplifiers). The two electrograms were displayed on one pair of beams triggered by the basic stimulator. The other pair of beams was triggered by the test stimulus.
The oscilloscope traces were photographed with a 35-mm Shackman camera. In some experiments the shutter was controlled to photograph only the traces resulting from the tenth basic stimulus and the test stimulus; six to ten replicates were recorded in this way. In other experiments the photographic means of 100 basic cycles and 10 test cycles were recorded by keeping the shutter open for the required period. The recording procedure was repeated with each alteration of basic cycle length or test stimulus interval. Measurements of intervals between potentials so recorded were made from enlarged images of the photographic traces projected on graph paper by a Dagmar (Super model 35) microfilm viewer. Photographs of 100-msec time markers were used as time calibrations.
Results
RELATIONSHIP BETWEEN CONDUCTION TIME AND COUPLING INTERVAL
We have adopted the usual designations for the features of the electrogram recorded from the bundle of His. S is the stimulus artifact, and A, H, and V represent electrical activity in the atrial tissue adjacent to the bundle of His, the proximal bundle of His, and the base of the interventricular septum near the recording site, respectively (10, 11) . The S-A interval is a measure of atrial conduction time from the site of stimulation to the area of the bundle of His. The A-H interval represents AV nodal conduction time, and the H-V interval is a measure of conduction time from the bundle of His to the base of the interventricular septum. The most notable feature of premature beats (noted as S', A', etc.) is the greatly prolonged A-H interval. Prolongation of the A-H interval caused by premature atrial activation, by increases in heart rate, or by administration of acetylcholine was used to identify the H potential in each experiment.
In early experiments the test stimulus was initially introduced at an interval (S-S') slightly shorter than the basic interval (S-S) and was then advanced by small steps until AV conduction failed. S-A, A-H, and H-V were measured for all S-S' intervals tested. Figure 1 shows the relationship between these conduction times and the appropriate coupling interval measured at the entrance to each segment of the conduction path (i.e., S-S' is the coupling interval applied to the atrium. A-A' is the coupling interval to which the AV node responds, and H-H' is the coupling interval at the entrance to the Purkinje-ventricular tissue). The conduction times of the basic responses (S-S = 400 msec) are shown in each graph and are connected with broken lines to the points representing conduction times of premature responses.
Childers et al. (12) reported a supernormal phase of conduction in specialized tissue of Bachmann's bundle. We found that the interatrial septum between the stimulating electrodes and the AV node also exhibited supernormal conduction. Atrial conduction of the premature response was faster than that of the basic cycle when the test stimulus was delivered between 160 and 320 msec after the last basic stimulus (Fig. 1A) . cardiac cycles. Supernormal conduction was demonstrable in 10 of 20 hearts. Hearts in which supernormal atrial conduction was not evident responded to premature stimulation with atrial conduction times equal to those of the basic cycles until conduction times became prolonged at short coupling intervals. Due to the complexity of the ventricular electrogram, it was not possible to make accurate measurements of ventricular conduction in all hearts. However, supernormal conduction in the ventricles was observed in seven of nine hearts in which this possibility could be checked (Fig. 1C ).
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Early premature orthograde activation of the bundle of His resulted in H-V intervals shorter than those of the basic cycles. Later but still premature activation usually resulted in H-V times slightly longer than those at the basic cycle. In four hearts it was not possible to produce short enough H-H' intervals to allow a determination of the maximum possible shortening of conduction time. The average maximum decrease in conduction time observed in all seven hearts exhibiting supernormal ventricular conduction was 5 msec (range 3 to 7 msec). Although the absolute magnitude of these changes was small, the phenomenon was stable. The variation in conduction times was less than ±0.5 msec for ten responses. In the two hearts which did not exhibit supernormal conduction the minimum H-H' interval that could be generated by atrial stimulation was 50-100 msec longer than the minimum H-H' interval achieved in the other seven hearts.
The effect of changing heart rate was studied in 11 preparations. Figure 2 shows the results of a representative experiment. The entire curve describing atrial conduction of premature responses was shifted to the left when heart rate was increased 
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( Fig. 2A) ; therefore, the curves in Figure 2A cross one another. If the effect of heart rate had been studied using only a single extrasystole delivered at a set coupling interval of 225 msec, it would have appeared that atrial conduction times increased as heart rate was increased. However, if the extrasystole had been delivered at 180 msec, it would have appeared that atrial conduction times decreased as heart rate was increased.
The effect of heart rate on ventricular conduction was studied in two hearts. Progressive elevation of heart rate caused a shift of the ventricular conduction curves to the left. The response of the ventricle to premature activation at three heart rates is shown in Figure 2B (basic intervals 800, 320, and 250 msec). It is clear that supernormal conduction began to occur only at shorter H-H' intervals as the heart rate was increased. Supernormal conduction through the AV node was never observed.
ROLE OF ATRIAL CONDUCTION IN DETERMINING THE FUNCTIONAL REFRACTORY PERIOD OF THE AV TRANSMISSION SYSTEM
Krayer et al. (7) defined the functional refractory period of the AV transmission system as the minimum interval between two ventricular impulses propagated from the auricle. The minimum ventricular interval was determined from a graph of the atrial (A-A') and the ventricular (V-V) intervals. Three types of curves-type I, type II, and type III-have been described relating V-V to A-A' (13). Krayer et al. (7) described the two types most frequently observed. In the type I relationship V-V first decreased and then reached a constant minimum as A-A' was shortened and in the type II relationship the ventricular intervals decreased to a minimum and then gradually increased as A-A' was further decreased. Moe et al. (4) described a discontinuous curve (type III) which was later shown to be caused by conduction block in the right branch of the bundle of His (13, 14) . We will present evidence in this paper that type I curves are observed when investigators do not adequately compensate for slow atrial conduction of early extrasystoles and that full compensation for atrial conduction frequently results in truncated curves from which the functional refractory period of the AV node cannot confidently be determined.
We obtained only type II and truncated curves. Our data were obtained from recordings near the AV node, whereas several earlier investigators (4, 8, 9 ) measured atrial intervals with electrodes situated close to the stimulating electrodes. The coupling intervals they measured probably approximated the S-S' intervals rather than the A-A' intervals near the AV node. The curve relating atrial conduction time of premature responses to the S-S' interval usually has a slope close to one, but occassionally it is slightly greater than one (the scale of the abscissa in Fig. 1A is a fourth of that of the ordinate). Therefore, when the test stimulus is shifted 10 msec closer to the last basic stimulus, the conduction time of the atrial response to a distant point will increase by approximately 10 msec with the result that A-A' as "seen" by the AV node will show little or no change. A plot of A-A' vs. S-S', i.e., a curve which describes the functional refraction period of the atrium, was a type I curve (Fig. 3) is decreased from 175 msec (Fig. 4A) . The type I curve in Figure 4A resulted if atrial intervals approximating the S-S' intervals were used in constructing the graph. Figure 4B shows the type II curve obtained when A-A' was measured near the AV node for the same experiment. The points clustered near A-A' = 175 msec correspond to the A-A' and H-H' intervals that occurred as S-S' was decreased below 175 msec. The functional refractory period read from the two curves is the same. We obtained truncated curves in determining the Circulation Research, Vol. XXXlll, October 7S73 functional refractory period of the AV node in 7 of 20 experiments. These truncated curves were associated with type II curves for the atrial functional refractory period (Fig. 5A) . Type II atrial curves were associated with atrial conduction times of very early extrasystoles longer than those observed in the remaining 13 experiments. In the experiment illustrated, the minimum A-A' interval that could be delivered to the AV node by atrial stimulation was 157 msec. This interval was not short enough to expose the entire curve used to determine the functional refractory period of the AV node (Fig. 5B ). The shortest H-H' interval in Figure 5B (190 msec) would have to be accepted as the functional refractory period of the entire AV transmission system. However, the functional refractory period is not necessarily that of the AV node, since there is no evidence that a minium H-H' interval had been reached. Although conduction through the AV node helped to determine the value of that particular H-H' interval, the response of the atrium "selected" that particular interval to be the minimum that could be exposed by premature atrial stimulation. The atrium determined the functional refractory period of the AV transmission system in a similar manner in 50% of the hearts studied. The functional refractory period of the atria determined with electrodes near the coronary sinus was usually shorter than that determined at the AV node (four of five experiments). Figure 6B shows an example in which the difference was 30 msec. Figure 6A shows that the curves describing AV nodal conduction differed greatly when the site at which A-A' intervals were obtained was changed. The shorter A-A' intervals recorded near the coronary sinus transformed the nodal curve from a truncated, but possibly type II curve, to an extended curve that could be classified as either type I or type II. However, the value of the functional refractory period was not changed.
EFFECT OF HEART RATE ON AV TRANSMISSION AND EFFECTIVE REFRACTORY PERIOD OF THE AV TRANSMISSION SYSTEM
The effective refractory period has been defined by Hoffman et al. (15) as the minimum stimulus coupling interval that results in a propagated response. The "stimulus" in this definition may be either an externally applied stimulus or a propagated potential. The effective refractory period of the atrium is therefore the minimum S-S' interval resulting in a response near the AV node, and the effective refractory period of the AV node is the minimum A-A' interval resulting in an H potential. The effective refractory period of the transmission system as a whole would therefore be the minimum S-S' interval resulting in an H potential. Although the refractory period of the AV node is longer than that of the atrium or the bundle of His (4, 5), we found that the effective refractory period of the AV transmission system was usually equal to that of the atrium. It shortened as heart rate was increased because of changes in the effective refractory period of the atrium.
As described above, a decrease in the S-S' interval resulted in no further decrease or even in an increase in A-A' when the stimulus coupling interval was very short (Figs. 3, 5, and 6 ). When conduction of premature responses failed, the site of block was usually in the atrium (80% of hearts studied) (Fig. 7) . Figure 7B shows atrial conduction times determined at basic intervals of 400 and 250 msec. When the basic interval was 400 msec, the effective refractory period was between 125 and 130 msec. When the basic interval was decreased to 250 msec, the effective refractory period was between 100 and 110 msec. Figure 7A 
Effect of heart rate on atrial and AV nodal conduction of premature responses. Failure of conduction occurred in the atrium. A: AV nodal conduction times as a function of the stimulus coupling intewab. B: Atrial conduction times as a function of the stimulus coupling intervals for the same experiment. Solid symbols = basic interval of 400 msec, and open symbols = basic interval of 250 msec.
relationship between A-H and S-S'. At the slower rate, A-H increased gradually as S-S' was shortened to 165 msec. Further shortening of S-S' resulted in a decrease in A-H, because slowed atrial conduction caused A-A' to increase. The effective refractory period of the conducting system was equal to that of the atria. Slowed atrial conduction prevented the demonstration of most of the ascending limb of the curve describing AV nodal conduction times (Fig.  IB) . When the basic interval was decreased to 250 msec, A-H was increased at all coupling intervals by the fatigue effect (6) . Slowing of atrial conduction again prevented the delivery of short A-A' intervals to the AV node, but only when the stimulus coupling interval was decreased below 135 msec. Conduction block again occurred in the atria, and the effective refractory period of AV conduction, although it decreased, was again the same as that of the atria. The degree of interaction of atrial and AV nodal conduction seen in this experiment was typical of approximately 30% of hearts examined.
In 50% of hearts the limiting effect of atrial conduction on AV transmission was somewhat less than it was in the above experiment (Fig. 8) . The relationship between A-H and S-S' is described by the top two curves, and atrial conduction is described by the bottom two curves in Figure 8 . When the heart was driven at a basic interval of 400 msec the results were very similar to those in Figure 7 . Conduction failed in the atrium when S-S' was reduced to 130 msec, and this effective refractory period determined that of the entire AV transmission system, However, when the basic interval was shortened to 250 msec, the ascending limb of the curve describing atrial conduction shifted to the left by 35 msec. The periods of slowed conduction of the atrium and of the AV node no longer overlapped. AV transmission failed in the AV node when S-S' was reduced to 160 msec. Thus, when the basic interval was decreased from 400 to 250 msec, the effective refractory period of the AV transmission system was increased by 30 msec, and the site of block shifted from the atrium to the AV node.
The effect of the above change in the site of conduction block on the overall function of AV transmission is best illustrated by the curves describing the functional refractory period of the entire system (Fig. 9) . The type I curve represents the relationship between H-H' and S-S' when the basic interval was 400 msec. The fact that the curve is type I reflects the major role of the atrium in limiting conduction. When the basic interval was shortened to 250 msec atrial conduction was no longer limiting, and a type II curve resulted. Also, the increase in heart rate caused the effective refractory period and the functional refractory period to shift in opposite directions; the effective refractory period increased from 130 msec to 160 msec, and the functional refractory period decreased from 233 msec to 212 msec. Although the shortest interval that could be delivered to the ventricles was briefer when heart rate was increased, the shift of the site of block to the node abbreviated the range of atrial intervals over which these short intervals might reach the ventricles. The change in effective refractory period illustrated in Figure 7 was characteristic of slow heart rates (basic drive intervals > 320 msec). The shift in the site of block illustrated in Figures 8 and 9 occurred when the basic drive interval was changed from >320 to <320 msec. However, a change in the site of block may also be produced by factors other than heart rate. The effects of epinephrine on the conductivity of the AV node were studied in four hearts. Epinephrine decreased AV nodal conduction times at all coupling intervals and shifted the curve describing nodal conduction times to the left. In one of these experiments, the shift was sufficiently large to allow a change in the site of block. The curves relating conduction times to coupling interval (S-S') for both the atrium and the AV node are illustrated in Figure 10 . The heart was driven at a basic interval of 320 msec. In the absence of epinephrine, conduction failed in the AV node with an effective refractory period of 270 msec. Atrial conduction was not depressed at this coupling interval. When epinephrine was infused (0.01 /Ag/ml blood) AV nodal conductivity was greatly increased. Conduction failed in the atrium with an effective refractory period of 115 msec. The shift in the site of block may thus enhance the effect of epinephrine in decreasing the effective refractory period.
A shift in the site of block was also demonstrable in vivo. The effects of stimulation of the vagus nerve were examined in a single experiment. The electrogram from the bundle of His was recorded by passing the recording probe through a pursestring suture in the right atrium. Both vagi were cut. The heart was stimulated through bipolar electrodes placed near the SA node (basic interval 400 msec). The conduction times of extrasystoles were measured first during a control period and then during continuous stimulation of the right vagus (2.75/sec, 1-msec duration, 15 v). During the control period slowed atrial conduction began before the effective refractory period of the AV node was reached, and the effective refractory period of the AV transmission system was equal to that of the atria. Stimulation of the vagus nerve caused the curve relating nodal conduction times to the coupling intervals (S-S') to be shifted toward longer intervals. Conduction failed in the AV node before atrial conduction was slowed.
Discussion
SUPERNORMAL CONDUCTION
The specialized conducting system of the atria is important to supernormal conduction (12) . Connections of this system between the SA and AV nodes have been demonstrated histologically by James (16) , physiologically by Sano and Yamagishi (17) , and pharmacologically by Vassalle and Hoffman (18) . Although we have no direct evidence, we think that supernormal conduction, which occurred in 50% of our preparations, is probably a property of this system.
Arbel et al. (19) reported that supernormal conduction can be demonstrated in isolated false tendons and also in the ventricles of the in situ dog heart when the bundle of His is paced directly. We found that supernormal conduction could also be demonstrated in the ventricles when the impulses were conducted through the AV node from the atrium. Although small, the effect was consistent. The major limitation was the production of H-H' intervals short enough to demonstrate supernormal conduction.
Supernormal conduction is separated in time from the vulnerable period of atrial or ventricular excitability (20, 21) . Multiple responses of the atria were never induced by stimuli falling in the period of supernormal conduction. Earlier stimuli which were conducted more slowly than normal often caused multiple atrial extrasystoles, and on two occasions these earlier stimuli caused atrial fibrillation.
FUNCTIONAL REFRACTORY PERIOD OF THE AV TRANSMISSION SYSTEM
The results clearly showed that the functional refractory period of the AV transmission system was not necessarily equal to the functional refractory period of the AV node. When recordings were made near the AV node, a significant number of preparations showed truncated curves, from which the functional refractory period of the AV node could not be determined. In these cases, therefore, the conductivity of the atria determined the functional refractory period of the AV transmission system. This finding is true despite the fact that the Circulation Research, Vol. XXXIII, October 197} functional refractory period of the atria is always shorter than the functional refractory period of the entire transmission system. Although conduction through the AV node largely determined the numerical value of the functional refractory period, the response of the atria caused a particular H-H' interval to be the minimum that could be exposed by premature atrial stimulation. When the hearts were driven from electrodes placed on the right atrial appendage, atrial recordings taken either from the stimulated site or from near the coronary sinus usually underestimated conduction time to the AV node. This error could easily obscure the role of atrial conduction in limiting conduction through the entire system.
The choice of atrial recording sites also alters the shape of the curve used to determine the functional refractory period of the AV transmission system. The definition of the functional refractory period by Krayer et al. (7) was based on experiments in which half the curves were of type I and the remainder were of type II. The causes of the difference between these two curves have never been resolved previously, although both types have been observed many times (4, 7-9, 14, 22). Rosenblueth (9) found that orthograde AV transmission produced type I curves, whereas retrograde transmission produced type II curves. Type I curves were seen most often in experiments in which recording electrodes were placed near the site of stimulation (4, 8, 9) . However, in our work and in the work of Hoffman et al. (13) in which recordings were obtained from the area of the AV node, no type I curves were observed. We believe this finding reflects full compensation for atrial transmission in these experiments. The curve we referred to as a truncated curve was considered by Hoffman et al. (13) to be equivalent to a type I curve. They suggested that both curves represented the normal function of the AV node but that they involved different delay mechanisms. We disagree with this theory, because our evidence indicates that truncated curves occur only when atrial transmission becomes limiting in the determination of the functional refractory period of the transmission system. Our conclusion is compatible with that of Cagin et al. (23) who showed that the functional refractory period of the AV conducting system in cats could not be determined at slow heart rates because atrial conduction became limiting. We concluded that type II curves alone represent the normal operation of the AV node.
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We have shown that the effective refractory period of the AV transmission system of the dog, like that of the cat (23), can be determined either by the atrium or the AV node, depending on heart rate. At slow heart rates the effective refractory period of the atrium, although shorter than that of the AV node, often determines the effective refractory period of the whole AV transmission system because of slowed atrial conduction. The effective refractory period of the atrium and therefore of the AV transmission system was shortened as heart rate was gradually increased. At fast heart rates, however, the effective refractory period of the AV transmission system became equal to that of the AV node in 50% of the hearts examined. Thus, the effective refractory period of the AV transmission system may gradually shorten and then suddenly increase and become equal to the longer effective refractory period of the AV node when heart rate is progressively increased. Several features of this phenomenon deserve further consideration.
Since the effective refractory period of the AV node can be exposed at fast heart rates, it becomes necessary to postulate that the effective refractory period of the AV node either does not shorten or shortens less than that of the atrium as heart rate is increased. Cagin et al. (23) reported that in cats and one human the effective refractory period of the AV node increased as the heart rate was increased. We have found that in dogs the effective refractory period of the AV node changes little, if at all, as heart rate is increased (Ferrier and Dresel, unpublished observations).
The above changes in effective refractory period apply only to conduction of premature responses. The upper limit of heart rate at which 1:1 AV conduction is maintained is set by the AV node, because each impulse is delayed equally by the atrium and because the refractory periods of the AV node are longer than those of the atrium.
